We evaluated the influence of aerobic exercise on cardiac remodelling during the transition from compensated left ventricular (LV) hypertrophy to clinical heart failure in aortic stenosis (AS) rats. Eighteen weeks after AS induction, rats were assigned into sedentary (AS) and exercised (AS-Ex) groups. Results were compared to Sham rats. Exercise was performed on treadmill for 8 weeks. Exercise improved functional capacity. Echocardiogram showed no differences between AS-Ex and AS groups. After exercise, fractional shortening and ejection fraction were lower in AS-Ex than Sham. Myocyte diameter and interstitial collagen fraction were higher in AS and AS-Ex than Sham; however, myocyte diameter was higher in AS-Ex than AS. Myocardial oxidative stress, evaluated by lipid hydroperoxide concentration, was higher in AS than Sham and was normalized by exercise. Gene expression of the NADPH oxidase subunits NOX2 and NOX4, which participate in ROS generation, did not differ between groups. Activity of the antioxidant enzyme superoxide dismutase was lower in AS and AS-Ex than Sham and glutathione peroxidase was lower in AS-Ex than Sham. Total and reduced myocardial glutathione, which is involved in cellular defence against oxidative stress, was lower in AS than Sham and total glutathione was higher in AS-Ex than AS. The MAPK JNK was higher in AS-Ex than Sham and AS groups. Phosphorylated P38 was lower in AS-Ex than AS. Despite improving functional capacity, aerobic exercise does not change LV function in AS rats.
Despite advances in the pharmacologic treatment of heart failure, morbidity and mortality levels remain elevated.
1 Several authors and current guidelines recommend physical exercise for patients with stable heart failure to prevent and/or attenuate cardiac remodelling and skeletal muscle changes and improve functional capacity and quality of life. [3] [4] [5] [6] [7] Physical exercise in experimental heart failure attenuated ventricular dilation, cardiac dysfunction, increased passive stiffness, myocyte hypertrophy, myocardial fibrosis, myocyte calcium handling changes and mitochondrial dysfunction. [8] [9] [10] [11] [12] [13] However, as most benefits of exercise have been described in experimental models of myocardial infarction-induced heart failure, [14] [15] [16] [17] the effects of exercise during sustained LV pressure-overload remains poorly understood. In fact, studies performed in this experimental model have returned controversial results. Aortic stenosis mice subjected to an 8-week-period of voluntary rotating wheel exercise showed no improvement in LV function and presented a trend towards impaired ventricular dysfunction in severe cases. 18, 19 As mice perform very well in voluntary wheel running, 20 excessive exercise may have contributed to these results. We have previously shown that aerobic exercise improves functional capacity and attenuates systolic dysfunction in rats with uncontrolled arterial hypertension 21 or aortic stenosis. 22 Ascending AS in rats has often been used to study chronic pressure overload. In this model, 3-to 4-week-old rats are subjected to thoracotomy and clip placement around the ascending aorta. Immediately after clip positioning, aorta diameter is preserved and stenosis progressively occurs as rats age. LV hypertrophy develops quickly, occurring within 1 month. 23 However, ventricular dysfunction and cardiac failure develop slowly, similar to what is seen in human chronic pressure overload. 23 This study evaluated the influence of aerobic exercise on cardiac remodelling in rats with AS performed during the period of transition from compensated LV hypertrophy to overt heart failure. An important effect of exercise is a reduction in oxidative stress 24 associated with an attenuation in cardiac remodelling. We therefore analysed markers of systemic and myocardial oxidative stress, and myocardial antioxidant enzyme activity. The NADPH oxidase (NOX) family is a source of reactive oxygen species in various tissues including the myocardium, 25 we therefore analysed subunits NOX2 and NOX4 gene expression. Since mitogen-activated protein kinases (MAPK) may be involved in myocardial response to oxidative stress, 26 we also evaluated their proteins expression in myocardium. Results for myocardial morphometric evaluation, oxidative stress analyses and protein expression from Sham and AS rats have been previously published. 27 
| MATERIALS AND METHODS

| Experimental animals and study protocol
The experimental protocol employed in this study was approved by the Animal Experimentation Ethics Committee of Botucatu Medical School, UNESP, SP, Brazil, and has previously been described in detail. 22 Male Wistar rats (90-100 g) were purchased from the Central Animal House, Botucatu Medical School, UNESP, and housed in a temperature controlled room at 23°C
and kept on a 12-hour light/dark cycle. Food and water were supplied ad libitum.
In short, Wistar rats (90-100 g) were anaesthetized with a mixture of ketamine hydrochloride (50 mg/kg, i.m.) and xylazine hydrochloride (10 mg/kg, i.m.). Aortic stenosis was induced by placing a 0.6 mm stainless steel clip on the ascending aorta via a thoracic incision. 22 Sham operated rats were used as controls.
Eighteen weeks after surgery, rats were assigned to three groups:
Sham (n = 23), sedentary AS (AS, n = 28) and exercised AS (ASEx, n = 31) for 8 weeks. During euthanasia, we assessed the presence or absence of clinical and pathologic heart failure features. The clinical finding suggestive of heart failure was tachypnoea/laboured respiration. Pathologic assessment of heart failure included pleuropericardial effusion, left atrial thrombi, hepatic congestion, pulmonary congestion (lung weight/bodyweight ratio more than two standard deviations above Sham group mean) and right ventricular hypertrophy (right ventricle weight/body weight ratio more than 0.8 mg/g). 28 Functional capacity was evaluated and transthoracic echocardiogram was performed before and after the exercise protocol.
| Exercise testing
Rats underwent 10 min/day test environment adaption for 1 week before evaluations. Each animal was tested individually.
The test consisted of an initial 5-min warm up at 5 m/min on treadmill. The rats were then subjected to exercise at 8 m/min followed by increments of 3 m/min every 3 min until exhaustion.
Exhaustion was determined when the animal refused to run even after electric stimulation or was unable to coordinate steps. 21 Maximum running speed was recorded and total distance was calculated.
| Exercise training protocol
Exercise was performed on a treadmill five times a week for 8 weeks. 21, 29 There was an adaptation period, with a gradual increase in speed and exercise duration. Speed from the 1st to the 3rd week was 5, 7.5 and 10 m/min, and then remained constant until the end of the protocol. Exercise duration from the 1st to the 6th week was 10, 14, 18, 22, 26 and 30 min, and then remained constant until the end of the experiment. 
| Echocardiography
| Collection of tissues for analysis
One day after final echocardiogram, the rats were weighed, anaesthetized with intraperitoneal sodium pentobarbital (50 mg/kg), and killed. After blood collecting, hearts were removed by thoracotomy.
Atria and ventricles were dissected and weighed separately. LV was frozen in liquid nitrogen and stored at −80°C. The liver was macroscopically examined to determine the presence or absence of liver congestion. Lung weight was used to assess the degree of pulmonary congestion. 
| Morphologic study
Left ventricular serial transverse 8 μm thick sections were cut in a cryostat, cooled to −20°C and stained with haematoxylin and eosin.
At least 50 cardiomyocyte diameters were measured from each LV as the shortest distance between borders drawn across the nucleus.
21
Other slides were stained with Sirius red F3BA and used to quantify interstitial collagen fraction. On average, 20 microscopic fields were analysed with a 40 X lens. Perivascular collagen was excluded from this analysis. Measurements were performed with a microscope (Leica DM LS; Nussloch, Germany) attached to a computerized imaging analysis system (Media Cybernetics, Silver Spring, MD, USA).
| Oxidative stress evaluation
| Myocardial glutathione concentration
Reduced glutathione was determined using a kinetic method in media consisting of 100 mmol L −1 phosphate buffer pH 7.4 contain- 
| Antioxidant enzymes activity and lipid hydroperoxide concentration
Left ventricular samples (~200 mg) were homogenized in 5 mL of cold 0.1 mol L −1 phosphate buffer, pH 7.0. Tissue homogenates were prepared in a motor-driven Teflon glass Potter-Elvehjem tissue homogenizer. The homogenate was centrifuged at 10 000 g, for 15 minutes at 4°C, and the supernatant was assayed for total protein, lipid hydroperoxide, 36 and glutathione peroxidase (GSH-Px, E.C.1.11.1.9), catalase (E.C.1.11.1.6.) and superoxide dismutase (SOD, E.C. 
| Real-time quantitative reverse transcriptionpolymerase chain reaction (RT-PCR)
Gene expression of NADPH oxidase subunits (NOX2, NOX4, p22
phox and p47 phox) and reference genes cyclophilin and REYES ET AL.
| 1237 glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was analysed by RT-PCR according to a previously described method. 38 
| RESULTS
Survival rate did not differ between AS and AS-Ex groups. Heart failure features were evaluated at euthanize. The frequency of heart failure features did not differ between AS and AS-Ex groups.
Anatomical data are presented in Table 1 . Both AS groups had left and right ventricular hypertrophy, and higher atria and lung weights compared to Sham. There were no differences between AS-Ex and AS groups.
Maximal exercise test is shown in Figure 1 . Before exercise, running time was lower in both AS and AS-Ex than Sham. After exercise, running time and distance were lower in AS than Sham and AS-Ex.
Before exercise (data not shown), AS and AS-Ex presented left atrium dilation and concentric LV hypertrophy, characterized by increased LV wall thickness, LV mass and relative wall thickness.
Both AS-Ex and AS had LV systolic and diastolic dysfunction as posterior wall shortening velocity, isovolumetric relaxation time and E wave deceleration time were lower, and E wave and E-to-tissue Doppler imaging (TDI) of early diastolic velocity of mitral annulus ratio were higher than Sham. TDI S′ was lower in AS than Sham.
There were no differences between AS-Ex and AS.
Echocardiographic evaluation after the exercise protocol showed the same cardiac remodelling pattern as before exercise. Additionally, both stenosis groups presented increased LV systolic and diastolic diameters and E/A ratio, and decreased TDI S′ and A wave. Endocardial and midwall fractional shortening and ejection fraction were lower in AS-Ex than Sham. No differences were observed between AS-Ex and AS (Tables 2 and 3 ).
Myocyte diameter and interstitial collagen fraction were higher in AS and AS-Ex than Sham. Myocyte diameter was higher in AS-Ex than AS (Table 4) .
Total and reduced myocardial concentration of glutathione was lower in AS than Sham and total glutathione concentration was higher in AS-Ex than AS (Figure 2A shown in Figure 2 panels E, F and G. Superoxide dismutase was lower in AS and AS-Ex than Sham and glutathione peroxidase was lower in AS-Ex than Sham.
Myocardial gene expression of NADPH oxidase subunits did not change between groups (Table 5 ). Myocardial expression of MAPK proteins is shown in Table 5 . Phosphorylated JNK was higher in ASEx than Sham and AS groups and total JNK was higher in AS-Ex than Sham. Phosphorylated P38 was lower in AS-Ex than AS.
| DISCUSSION
In this study, we showed that aerobic exercise improves functional capacity in AS rats during transition from LV compensated hypertrophy to clinical heart failure. However, the increased physical capacity was not related to an improvement in cardiac structures or function.
We also performed the first evaluation on the influence of physical exercise on myocardial oxidative stress and MAPK signalling in AS rats with heart failure.
Aortic stenosis rats have been often used to evaluate compensated LV hypertrophy and its transition to clinical heart failure. LV hypertrophy can be observed 1 month after stenosis induction. 23 Rats then remain compensated for 20-28 weeks when they start to present heart failure features and evolve to death in 2-4 weeks. 40 In this study, the exercise protocol was initiated 18 weeks after AS surgery; at this time, no rat had tachypnoea/laboured respiration. We used a low intensity exercise protocol, adapted from published studies on aged untreated spontaneously hypertensive rats. 21, 41 All rats tolerated the treadmill exercise intensity of 10 m/min. The protocol was efficient as physical capacity was improved in AS-Ex compared with AS group.
Exercise did not change heart rate or the frequency of heart failure features and survival rate. Heart rate was assessed during echocardiographic evaluation with rats under a light anaesthesia, which may have interfered with the measurement preventing heart rate reduction after exercise protocol. Before treatment, AS rats had LV concentric hypertrophy with diastolic dysfunction and mild systolic dysfunction. The same pattern of concentric hypertrophy was Myocardial oxidative stress, evaluated by lipid hydroperoxide concentration, was higher in AS than Sham and was normalized by exercise. Exercise has been long shown to decrease oxidative stress in different experimental models. 24, 29 Oxidative stress is characterized by an increase in the levels of reactive oxygen species and/or reactive nitrogen species. Both increased generation in reactive oxygen species and decreased antioxidant capacity can lead to oxidative stress. 43 Impaired antioxidant capacity can result from low concentrations of antioxidants and decreased antioxidant enzymes activity. 43 At physiological concentrations, reactive oxygen species play important roles in redox signalling and cell survival by modulating the activity of different enzymes such as mitogen-activated protein kinase (MAPK), phosphatases and gene-dependent cascades. 43 However, high levels of | 1241 reactive oxygen species cause changes or injury to DNA, proteins and lipids, and can stimulate apoptotic cell death. 24, 44 Myocytes consume high quantities of oxygen during muscle cell contraction and can generate a large quantity of reactive oxygen species. Reactive oxygen species are mainly generated in mitochondria. 43, 44 They can also be produced in cytosol and membranes in response to different stimuli including growth factors and inflammatory cytokines. 44 Several enzymes including NADPH oxidase participate in ROS generation. 45 In this study, we showed for the first time that myocardial gene expression of the NADPH oxidase subunits NOX 2 and NOX 4 is not increased in AS rats with heart failure and is not modulated by physical exercise.
Oxidative stress is neutralized by the antioxidant system, which includes endogenous and exogenous molecules. The main enzymatic defences are superoxide dismutase, catalase and glutathione peroxidase, which can be modified by exercise. 24, 44 In this study, superoxide dismutase was reduced in AS and AS-Ex compared to Sham and glutathione peroxidase was lower in AS-Ex than Sham. Exercise preserved both total and reduced myocardial glutathione. Glutathione is an endogenous tripeptide that plays a central role in cellular defence against oxidative stress. 46 It is synthesized and maintained at high concentrations in most cells and is the main intracellular oxidant scavenger protecting membranes, proteins and DNA from oxidative stress. 47 In heart failure, glutathione redox status is changed and its concentration is decreased in myocardium. 48, 49 Considering the restored levels of glutathione and normalization of lipid hydroperoxide, it was surprising to observe a reduced glutathione peroxidase activity in AS-Ex compared to the Sham group. We have not identified studies evaluating physical exercise and myocardial oxidative stress in AS rats. Therefore, additional studies are necessary to clarify the interplay between exercise and oxidative stress during transition from compensated LV hypertrophy to clinical heart failure.
Phosphorylated p38 levels in AS-Ex and AS were similar to those from the Sham group. However, phosphorylated p38 was lower in AS-Ex than AS. Myocardial MAPK expression in rodents subjected to long-term pressure overload and chronic exercise has been poorly addressed in literature. Miyachi et al 50 observed that increase in p38 phosphorylation in sedentary hypertensive rats was prevented by swimming training. In accordance, it is possible that the chronic exercise has contributed to prevent an increase in myocardial phosphorylated p38 in the AS-Ex group. As p38 activation is related to pathological hypertrophy development, 50 its decrease in AS-Ex group suggests a beneficial effect of exercise on the pressure-overloaded hearts. Exercise increased myocardial protein expression of total and phosphorylated JNK. The fact that JNK activation is related to myocyte hypertrophy 51 may explain the larger myocyte diameter in ASEx than Sham and AS. However, the role of isolated JNK increase on cardiac hypertrophy is not completely obvious. JNK activity may be required for IGF-I-mediated cardiomyocyte growth. 52 On the other hand, myocyte stretching stimulates JNK and inhibits IGF-I signalling and hypertrophy. 53 The disparate results are probably dependent on the different experimental models. Finally, myocardial fibrosis was evident in AS rats and was not modulated by physical exercise.
A large body of research spanning several decades has shown the safety and efficacy of regular physical activity in improving outcome in heart failure patients regardless of age, sex or ethnicity. 5, 11, 54 Most clinical and experimental studies, however, have evaluated the remodelling of hearts with ischaemic cardiomyopathy. 55, 56 Nonetheless, the majority of experimental studies in clinical studies 58 point towards regular exercise having a beneficial effect on cardiac remodelling. In fact, it was recently observed that exercise-induced improvement in functional capacity is independent of heart failure aetiology. 59 A few studies have reported negative effects of rodents subjected to long-term exercise. 18, 19, 58 In these studies, animals exercised by voluntary rotating wheel, which may be associated with excessive exercise. 20 To the best of our knowledge, this is the first study to show that controlled aerobic exercise is associated with impaired cardiac remodelling in AS rats.
One important component of exercise-induced improvement in LV function during cardiac remodelling is mediated via a reduction in peripheral impedance and cardiac afterload. However, as LV afterload is fixed in aortic constriction, this beneficial effect of exercise is not seen in aortic stenosis. 18 The results of this study show that the beneficial effect of exercise in reducing oxidative stress and restoring glutathione was preserved in a myocardium subjected to chronic and persistent pressure overload. However, in the face of increased afterload and during the transition from compensated hypertrophy to heart failure, the further overload caused by exercise resulted in impaired MAPK pathway signalling, additional myocyte hypertrophy and a trend towards worse systolic function compared to sedentary AS rats. It is probable that the previously observed beneficial effects of exercise in chronic and persistent pressure overload 40, 60 occurred early in the remodelling process and not during the transition to clinical heart failure, when rats present advanced degrees of LV hypertrophy and dysfunction, thus preventing a reverse remodelling process.
In conclusion, aerobic exercise improves functional capacity in AS rats during the transition from LV compensated hypertrophy to clinical heart failure independent of changes in LV function. Physical exercise reduces myocardial oxidative stress and glutathione peroxidase activity, and restores myocardial concentrations of total and reduced glutathione. Despite the beneficial effects on oxidative stress, exercise impairs JNK signalling and further induces myocyte hypertrophy.
